A small diverse library of pentathiepin derivatives were prepared to evaluate their efficacy against the nucleocapsid protein function of the Feline Immunodeficiency Virus (FIV) as a model for HIV, using an in-vitro cell culture approach. This approach led to the development of nanomolar active compounds with low toxicity.
Introduction
The Human Immunodeficiency Virus (HIV) presents a complex challenge for drug discovery with a constantly moving goal post for success. The ability of the virus to mutate and still function post-mutation, constantly erodes the armoury of drugs that exist to combat multiple points in the replication cycle in order to control the virus. 1 HIV infection resulting in Acquired Immune Deficiency Syndrome (AIDS) has caused over 25 million deaths worldwide; with over 34 million people currently suffering from HIV. 2 The domestic cat provides an effective natural non-primate animal model for the study of lentivirus infections. Feline Immunodeficiency Virus (FIV) has significant homology across key protein domains with HIV-1/2. This model is also the only one that has central nervous system involvement and analogues AIDS-type progression, both seen in humans infected with HIV-1/2. 3, 4 There are multiple inhibition targets in the FIV/HIV, but the short basic nucleic acid binding nucleocapsid protein (NCp) provides an interesting anti-viral target with no clinically approved compounds, despite its involvement at multiple points of the viral replication cycle, which could mitigate emerging resistance.
The NCp contains the conserved double zinc finger peptide unit C-X2-C-X4-H-X4-C (CCHC) that is found in nearly all retroviruses with the exception of spumaviruses. 5 These include HIV-1/2, 6,7 FIV, 8 Simian Immunodeficiency Virus (SIV), 9 Equine Infectious Anaemia Virus (EIAV) 10 and others. 11 Effective targeting of these zinc fingers would render the virus inert as deletion or modification of either zinc finger leads to virus inactivation. 12, 13 The NCp is involved in annealing of the cellular primer t RNA3lys to the primer binding site in reverse transcrption, 14, 15 promotion of packing, dimerization and organization of the protein-RNA complexes within the newly created virons. [16] [17] [18] The NCp is an attractive drug target as it has been demonstrated to be mutation resistant and inhibition leads to non-infectious virons. 19 Two methods of NCp inhibition exist: one to compete with the nucleic acid binding site, 20,21 the other to interfere directly with the zinc finger structure via zinc ejection. Both approaches have shown promise, however, we choose to utilize the permanent irreversible to eject the structural Zn 2+ ion from the viral protein. This route has previously created several lead compounds including 3-nitrosobenzamide (NOBA) -1, 2,2'-dithiobisbenzamide (DIBA) -2, azodicarbonamide (ADA) -3, Dithanes -4, benzisothiazolones (BITA) -5, pyridinioalkanoyl thiolesters (PATES) -6 ( Figure 1 ). [22] [23] [24] [25] [26] [27] 
Figure 1. Examples of some significant previously reported zinc ejectors
As part of a wider medicinal chemistry program to find novel chemotypes for the NCp inhibitors we were investigating a set of dual functionality disulfide tetrathiocine derivatives. During this we also tested one of the pentathiepin starting materials (14) , which showed good activity (EC50 = 169 nM) which justified further investigation of this core. 28 The literature has a number of reports with varying levels of biological activities within the pentathiepin core sub-structure ( Figure 2 ). Reports by Feher et al. dating back to the late 1960s detailed several synthetic routes to this unusual ring system. [29] [30] [31] These were used as the basis for the initial work in the area by 2 DuPont to explore the potent anti-fungal properties. The first compound developed was 7-methyl-7H- [1, 2, 3, 4, 5] pentathiepino [6,7-c] pyrazole -11, which provided near total control of several species of crop fungi and was part of a wider program. [32] [33] [34] [35] [36] [37] Following on from this work there was a renaissance of interest with the discovery of the natural product Varacin -7 and it`s various structural relatives 8-10. [38] [39] Over the next few decades these would demonstrate a broad range of activities including anti-cancer, antibiotic, antifungal and an inhibitor of protein kinase C. 38, [40] [41] [42] These activities brought interest to the pentathiepin with the development of 12-13, but as yet there has been only limited research to identify the mechanisms of action or toxicity. [43] [44] [45] More recently there have been new developments with a number of new pentathiepin activities disclosed including the anti-viral potency against FIV (14) and novel anti-Alzheimer's/anti-cancer candidates, by high through-put screening and rational design respectively 15 and 16. [46] [47] [48] 
Results and Discussion
We investigated a number of heteroaromatic pentathiepin scaffolds by visualizing HOMO and LUMO orbitals calculated by Jaguar software using DFT theory and estimating relative reactivity from atomic fukui indices derived from frontier orbital theory to guide our design ( Figure 3 and S1). This was instead an effort to moderate toxicity and increase cell permeability while still retaining the activity seen in 14. Modelling suggests that the HOMO-LUMO gap (0.13 eV) compound 14 is stable in its ground state, which is in agreement with the atomic fukui indices (f-NN-LUMO). The most susceptible bond for nucleophilic attack will be S2-S3 in the seven membered ring. The relatively low f-NN-HOMO values (max atomic value 0.11 for S3) indicate that compound is less electrophilic when acting as a substrate. This may partly explain the good toxicity profile of 14. Using a model compound set up derived from our previously described homology model of HIV-1 and EIAV, we found that the cysteine and S2-S3 bond of the pentathiepin functionality were aligned so as the HOMO and LUMO were set up for a nucleophlic cascade. 28 This is due in part to the twist boat conformation adopted prior to reaction, evidenced by our model compound approach shown in Figure 4 .
Comparison of f-NN-HOMO indices suggests that in the case of twisted boat conformation S2-S3 bond is slightly more favourable for nucleophilic attack. Our zinc finger model suggests that an even more attractive orbital overlap can be formed ( Figure  4 right panel). The LUMO orbitals are oriented to the direction of S2-S3 bond, which enhances bond reactivity. Seven membered sulfur rich ring systems are able to accommodate many ring conformations separated by shallow energy barriers, which if controlled correctly could yield a viable lead compound. [49] [50] This also supported our investigation of the 7-membered pentathiepin ring compounds for their anti-viral profile. A number of synthetic methods exist for the preparation of pentathiepins. 51 The most common methods involve treating ortho-dithiols with an activated sulfur source such as S2Cl2 or S3Cl2 or directly with elemental sulfur (S8) dissolved in ammonia, generally under harsh conditions. [29] [30] [31] More elaborate methods have also been employed such as the use of P4S10 or a molybdenum oxo bis-tetrasulfide catalyst to access more decorated scaffolds from more complex starting materials. [52] [53] [54] We chose to pursue a C-H activated route mediated by S2Cl2, utilising the properties of the 1,4-diaza-bicyclo[2.2.2]octane (DABCO) sulfur monochloride complex to form the pentathiepins in one step from commercially available reagents (Scheme 1). 55 We started by synthesizing direct analogues of the previously identified compound 14. Our established method, treating the corresponding Hünig's base analogues 17a-c with (DABCO) and sulfur monochloride for 48 hours followed by refluxing with triethylamine for a further 2 hours, to produce 14 and 18a-b in good yield. 28, 56 Substitution on the pyrrole analogs was explored by synthesizing a small series of preformed substituted pyrrole rings, 10.1002/cmdc.201800718
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first by converting 19a-c to 20a-c via treatment with DABCO and sulfur monochloride for 48 hours in good yield. 57 Then by treating N-methylpyrrolidine 21a with analogous conditions allowed access to 22a and 23a in a one-pot reaction. However, under the same conditions N-isopropylpyrrolidine 21b produced exclusively 22b with the corresponding asymmetric product not observed. One explanation for this could be due to the steric interference of the iso-propyl group on the reaction mechanism. [58] [59] [60] Previous work has indicated that the corresponding tetrathiocine (7,14dimethyl-7H,14H- [1, 2, 5, 6] tetrathiocino [3,4- (1:1) ) of 25a was active against FIV. 28 Hence the simple methyl (25a) and ethyl (25b) were synthesized under analogous conditions to form 24a-b in high yield to explore the indole subsitution in more detail. 58, 61 Scheme 1 -Synthesis route to pentathiepin derivatives -reagents and conditions -a= (DABCO), S2Cl2, CHCl3, 0°C to rt; 48 h, reflux 2 h (14 -30%, 18a -21%, 18b -2%); b= (DABCO), S2Cl2, CHCl3, 0°C; 48 h (20a -36%, 20b -40%, 20c -62%); c= (DABCO), S2Cl2, CHCl3, 20°C; 48 h (22a -18%, 23a -38%, 22b -16%; d= S2Cl2 (0.8 eq), CHCl3, 0°C; 48 h (25a -70%, 25b -72%).
The compounds were initially tested at three high concentrations (1 μM -100 μM) in a short MTT cell viability assay 62 over 24 hours using Crandell Rees Feline Kidney (CrFK) cells. 63 This enabled us to have a view of the non-specific toxicity of each compound. The compounds were then tested against FIV using an IL-2 independent feline lymphoblastoid (FL-4) cell at six concentrations (1 nM -100 μM) over seven days. 64 The FL-4 cells infected with FIV were exposed to the compounds over a period of seven days and sampled every day and at each of six concentrations to determine the extent of viral replication/ viral suppression. Viral RNA was then isolated from cell culture supernatants using the MagNA Pure LC System with the Total Nucleic Acid Isolation Kit (Roche Applied Science). The viral loads were determined by quantitative real-time reverse transcription polymerase chain reaction (RT-qPCR). 65 The remaining cells were subjected to a MTT cell viability assay to rule out any toxicity effects and validate that the RT-qPCR result was not caused by non-specific toxicity and to provide a therapeutic index. The toxicity and activity of azidothymidine (AZT) -26 and Raltegravir -27 were consistent with previous reports on FIV/HIV and were used as an internal standard. [66] [67] The results (Table 1) , support the rationale that the pentathiepin functionality can be optimized for anti-viral activity. Activity is not just nucleated around the core seven member rings as varying potencies and toxicities were observed across each series. The observed toxicity in the initial screening with CrFK cells with 24-hours exposure can be a good indication of the level of toxicity that would be observed if there was a clearance mechanism in the FL-4 assay. There was roughly a 1-2 log increase in toxicity when looking at the results for the longer-term FL-4 assay. The initial 24-hour assay result, taken in the context of a chronic exposure in-vitro assay, is quite encouraging. It means that with the potential clearance of in-vivo system these effects could be mitigated. Even with prolonged exposure to these potential zinc abstracting agents there is an acceptable therapeutic index, which indicts that zinc abstraction does not automatically equate to cytotoxicity. The original hit compound 14, was consistent with previous reports, demonstrating good activity with an acceptable therapeutic index. However, two new analogs 18a and 18b failed to separate toxicity and activity. Compound 20a while not the most active at EC50 = 4 nM did have the best therapeutic index at >100.
We wanted to investigate the conformation of pentathiepin ring system and found the small molecules crystal structure of compound 20a crystallizes in the triclinic (Figure 5 ), with a P-1 space group forming two independent molecules in the asymmetric unit. 68 The conformations of both molecules are virtually identical, all bond lengths and angles conform to standard values in comparison with the Cambridge Crystallographic Data Centre (CCDC) and support our observations in figure 3 & 4. 69 
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ChemMedChem This article is protected by copyright. All rights reserved. The molecular dynamics discussed in figure 3 and 4 support by the small molecules crystal structure ( Figure 5 ) suggest a break between S-2 and S-3 is the most likely point of a nucleophilic attack; by a reactive cystine to the pentathiepin structure due to the electronics and sterics. This has also been suggested by the high iso-values and molecular dynamics DFT calculations looking at Varacin -7 and a generalized structure of 14 with the overall results and overlays are demonstrated in figure 6. The mechanism of zinc ejection from NCp is proposed to involve a zinc-coordinating cysteine thiol(ate) reacting with the pentathiepin ring system at the S-2 S-3 bond to generate a transient protein-pentathiepin core inserted bound unit (Figure 7 This then undergoes a rearrangement to form an intramolecular protein disulfide with consequent reduction in zinc ion affinity. The ejected zinc ion (or zinc pentathiepin complex) can then complex with a second (reduced) pentathiepin or dithiol core to form a stable complex. This is supported by several previously reported ejection mechanisms and by our DFT simulations (Figure 8 Interestingly with just the addition of one methyl group 20b, a drop of 100 nM in potency against FIV was also matched with an increase in CC50 from just under 0.5 µM to around 5 µM. The most encouraging result of all was 20c as it demonstrated good activity (<1 µM) while having a sharp reduction in toxicity (>50 µM). This series of compounds has potential for further optimization as the toxicity observed in this chemotype is likely due to the susceptibility of non-specific reactivity and possible ring opening. This is supported by the fact that this compound (20c) is more resilient to force dimerization with sodium cyanide to form the corresponding tetrathiocine. 71 The switch in electronics toward 22a and 22b produced the most active compounds at EC50 = 5.8 nM and 1.9 nM respectively but there was also a matching increase in toxicity associated with the compounds. The asymmetric variant 23a however showed lower activity (>200 nM) but also a drop off in toxicity (>0.5 µM). The substituted indoles 25a and 25b provided good activities with the ethyl substitution was preferred over the methyl but further examples would be needed to probe the potential of this result.
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Conclusions
The sub-micro molar potencies of these compounds coupled with moderate toxicities show an interesting avenue of investigation towards the development of a candidate compound for targeting the FIV/HIV NCp. The low toxicity and good activity of the initial thiophene hit 14 that precipitated our initial investigation was improved by substitution with an alkyl pyrrole scaffold. However, the simple trimethyl substituted compound 20a was highly active albeit with some toxicity. 20c was the most interesting result with slightly lower activity but significantly reduced toxicity. This suggests that there is potential to reduce any non-specific toxicity associated with this scaffold and it is not the pentathiepin functionality itself that is the toxic motif, rather the electronic contributions pendant arms. This can clearly be seen with the chlorinated derivatives 22a and 22b, but with a shift in electronics, such as asymmetric 23a, there is slight reduction in activity but also bigger reduction of toxicity. The pentathiepin functionality while under-explored has the potential to generate a pre-clinical candidate that can treat both FIV and HIV in an in-vivo setting. 61 were prepared according to literature procedures. Synthesis, analytical, physicochemical and spectroscopic data for newly synthesized compound 23a are reported below. Chloro-6-methyl-6H-[1,2,3,4 ,5]pentathiepino[6,7-b]pyrrole (23a). Sulfur monochloride (1.6 ml, 20 mmol) was added dropwise at -30 - 35°C to a stirred solution of N-methylpyrrole (0.40 g, 5 mmol) and DABCO (2.24 g, 20 mmol) dissolved in chloroform (50 ml). Then the mixture was stirred for 15 min at -20°C and at room temperature for 48 h. The solvent was removed under reduced pressure. The residue was separated by column chromatography (silica, light petroleum, and then light petroleum-DCM mixtures) to produce a yellow solid (0.518 g, 1. 
Experimental Section
7-
Molecular Modelling
DFT studies. Homology model based on model compound composition was set up using Maestro software (Schrödinger Inc., New York, NY, USA). The geometry of zinc finger cysteines and histidines were constrained to their initial geometry using Cartesian constraints to connector carbon atoms. The density functional B3LYP of theory and MSV basis set were used for geometry optimizations in the gas phase using Jaguar module of Schrödinger suite. Furthermore, other than zinc-finger minimisation, the model structures were geometry optimised using unconstrained gas phase geometry DFT using B3LYP theory and 6-31+G** basis set to obtain atomic fukui indices and visulaized orbitals.
